Bicomponent PET fibers and a spunbonded PET fabric were used for the experimental studies of the ultrasonic bonding process. There were five different bonding process settings and they were grouped as the speed and pressure groups. From calculations the highest heat generation rate was found to be in the middle of the bonding positions. The rate of temperature rise was also found to be the highest in the middle of the bonding positions. The calculated temperature results were found to be close to the experimental measurements. For the speed group settings the slower speed resulted in fabrics that were stiffer, and stronger, and the degree of bonding was also higher. The middle speed setting produced the fabrics with the highest elongation. For the pressure group settings the higher pressure resulted in making fabrics stiffer, and stronger, and the degree of bonding was also higher. But for elongation the middle speed setting resulted in the highest value. The SEM micrographs of the cross-section of fabrics made with different settings showed that the degrees of bonding of fabrics were correlated with temperature changes and the processing conditions.
Introduction
The Ultrasonic Power Supply, Model 184P machine, made by the Branson Sonic Power Company, was used in this study. The equipment and the process parameters that determine bonding were briefly described in Part 1 [9] . The methods of measurement of the various processing parameters, fiber and fabric properties are discussed here.
Horn Vibration Amplitude and Displacement Measurement
The horn vibration amplitude at the tip of the horn surface is a very important parameter of the bonding machine. It should be measured both in free vibrations and during the bonding process. The horn vibration can be compared under two different conditions. The actual gauge between the horn and the anvil during the bonding process can be measured also. The gauge is one of the principal parameters investigated in this research and it is used in calculations for determining the rise in temperature as predicted by the model. An optical sensor is used to measure the vibration amplitude of the order of micrometers at a frequency of 20 kHz. A Fotonic ® sensor with 125H probe number was used. This sensor was manufactured by Mechanical Technological Inc. Fotonic sensors transmit light through a fiber-optic probe and a cable to a target surface. They do not add weight to, or absorb power from the target surface, and are not affected by magnetic or electrostatic fields [8] .
The 125H probe has two linear ranges, i. e., the front slope and back slope. The front slope range is smaller but has higher resolution than the back slope range. From the information provided by the manufacturer the front linear range is from 0.445 mm to 1.0795 mm and the back linear range from 3.175 mm to 6.985 mm. The resolution of the front slope range is 0.002 mm and the back slope range is 0.011 mm. The horn vibration amplitudes are measured in the front range for high accuracy.
The vibrations of the top and the bottom surface of a horn were measured in such a way as is shown in Figures 1 and 2 . The vibration of the bottom surface could only be measured under free vibrations, i.e., horn vibrating without touching anything. The vibrations of the top surface were measured under both free vibrations and bonding conditions. Because the amplitude gain between the bottom and top surfaces was fixed under both free vibrations and bonding conditions, the vibrations of the horn bottom surface under bonding conditions can be easily determined from the vibrations of the horn top surface under bonding conditions.
It was desired to place the sensor vertical to the horn tip surface and the distance between the sensor and the horn tip surface can be adjusted easily and accurately. In the case of measuring the vibration of the bottom surface the optical sensor was placed below the horn with the optical sensor tip towards the horn. The distance between the horn and the sensor could be measured by gauges between the horn and a gauge block for calibrations as shown in Figure 1 . In the case of measurement of the top surface vibration the optical sensor was placed above the horn with the sensor tip towards the horn. The distance between the horn and anvil can be adjusted and measured by gauges between the horn and anvil for calibrations as shown in Figure 2 . The calibration found that the distance and the optical fiber sensor output were linearly related.
The output signal of the sensor was 0 to 10V DC. This signal was sent to a data acquisition system as shown in Figure   3 . Due to the high frequency of the horn vibrations, the data acquisition system must also have a very high A/D rate and sampling rate. The data acquisition system is composed of an IBM PC and a plug-in board of WB-Flash12-1-TC manufactured by Omega Engineering Inc. This board has a fast sampling rate of 1 MHz to meet the needs of the tests. The board can also be used to measure the temperature.
The measured amplitude of the horn bottom surface is 0.0538 mm and for the horn top surface it is 0.0133 mm. The vibration amplitude of the top surface under bonding conditions was found to be the same as the amplitude under free vibrations. Because the amplitude gain between the bottom and top surface was the same under both bonding conditions and free vibrations, the vibration amplitude of the horn bottom surface under bonding conditions was assumed to be the same as that of free vibrations. Tolunay also found that the amplitude of horn vibrations under welding force remained essentially the same as free vibrations [10] .
Temperature Measurement
In order to know the temperature change in a web during bonding process, temperature needs to be measured in situ. In this research the temperature in the middle of a web and the interfaces between the web and the carrier fabric are measured under different bonding conditions as shown in Figures  3 and 4 .
A fast rate of temperature rise was expected. After a few preliminary experiments the thermocouples of 0.0762 mm (0.003 in.) in diameter were found to be the most suitable ones and, therefore, used in the actual experiments.
The thermocouple used was Iron-Constantan type. Iron wire was 99.9% pure and Constantan was a 55% copper/45% nickel alloy. The signal from the thermocouple was quite small and was sent to an amplifier called Omni AMP III. Then the signal was sent to the WB-Flash12-1-TC board to be sampled and saved in memory.
The connections of the thermocouple wire to the other parts of the measurement system are shown in Figure 3 .
Fiber Characterization
Bicomponent PET fibers -Type 4080, provided by Leigh Fibers, Inc. -were used in this research. The core and sheath of this fiber was composed of regular PET and a low melting PET, respectively. They were developed specifically for thermal bonding and have excellent thermal bonding characteristics.
The measurement of properties of fibers and fabrics was very important to develop an understanding of the bonding process and the role of several material and processing parameters that were used in the theoretical temperature calculations. Since the batts were made on a 12-inch wide laboratory size Rando-Webber machine and, when unbonded, had almost no strength, the batt was sandwiched between two layers of fabric that were used as carriers to help move and stabilize the batt during bonding. The carrier fabric used was a PET spunbonded nonwoven made by Reemay Inc.
Density and Diameter
The density of a fiber can be measured and calibrated by using a density gradient column. The measured densities of the bicomponent PET fibers and the spunbonded fabric fibers were found to be 1.373 g/cm 3 and 1.389 g/cm 3 , respectively. The measured diameters of the bicomponent PET fibers and spunbonded fabric fibers were 20.7x10 From the measured fiber densities and diameters, the calculated linear densities of the bicomponent PET fibers and spunbonded fabric fibers were found to be 4.2 denier and 2.1 denier, respectively.
Tensile Properties
Single fiber tensile testing was done on an Instron Tensile Tester according to the ASTM method D3882 [3] . A gauge length of 22.5 mm was used. The fibers were strained at a rate of 13mm/min. 20 specimens of each kind of fibers were tested. The initial modulus of the fibers was calculated. The initial modulus of bicomponent fibers and spunbonded fabric fibers was 6.19GPa and 6.62GPa, respectively. The maximum elongation at break was found to be 54.17% for bicomponent fibers and 33.19% for spunbonded fibers.
Differential Scanning Calorimetry
Differential scanning calorimetry was used to determine the specific heat of fibers. TA Instrument 2920 Thermal Analyzer was used for this purpose. 
Dynamic Mechanical Thermal Analysis
Dynamic mechanical thermal analysis (DMTA) was used to characterize the thermo-mechanical properties of bicomponent PET fibers and spunbonded fabric fibers. The measured elastic modulus (E'), loss modulus (E"), and loss factor (tand) were then used to calculate those values at 20 KHz by the temperature and frequency superposition principle as detailed later.
The DMTA tester used in this research was DMS 210 tension module made by Deiko, Inc. Eight fibers were mounted together and subjected to a sinusoidal loading with a base force of 10 grams at frequencies of 0.1, 0.2, 0.4, 0.5, 1 and 2 Hz. The alternating strain amplitude was 20 mm These six frequencies were chosen because they provided relatively accurate test results. The operation of the instrument at lower frequencies such as 0.02 Hz and higher frequencies such as 20 Hz are the two extreme limits of the tester and the test results under these extreme frequencies are not reliable. The six selected frequencies were applied sequentially to the sample and the cycle was repeated for the duration of the test. The specimens were initially cooled to -80 o C by using a liquid nitrogen cooling system. They were then heated gradually to 200 o C at a heating rate of 0. imentally accessible time scales [1, 7] . Mathematically this principle may be expressed as where the effect of changing temperature is the same as applying a multiplicative factor to the time scale, i. e., an additive factor to the log time scale. a t is the shift factor. During the temperature range from -80 o C to 200 o C used in DMTA, the PET fiber density change was significantly small when compared to other terms in Equation (1) . So the equation can be simplified as follows.
The equation that has the same form as the WLF equation is used to calculate a t as follows [7] .
where C 1 and C 2 are constants. T ref is the reference temperature and chosen as 20 o C here. The test results of the storage modulus E' of bicomponent PET fiber by DMTA are plotted in Figure 5 . Critical application of the time-temperature superposition requires a series of isotherms, each covering a range of frequencies or time to specify the shape of the E', E", and tand. But in each curve in Figure 5 the temperature varies with the frequency, i. e., the curve was plotted against the temperature at a few tested frequencies. Such curves were not superposable by horizontal shifts along the temperature axis. Their shapes are quite different, because of the nonlinear temperature dependence of at [7] .
The isotherms of bicomponent PET fibers were obtained by calculating the storage moduli E' at the selected temperatures for different frequencies using interpolation and the results are shown in Figure 6 . Because there were a lot of isotherms, it was extremely difficult to shift the curves manually to get a master curve. In this case the data was put in an Excel sheet and formulated to calculate log a t by Equation (3) . By changing C 1 and C 2 , log a t was calculated for different temperatures and a master curve was plotted. The criteria for C 1 and C 2 were to make the E' and tand master curves as superposable as possible. C 1 = -315 and C 2 = 3600 were found to be good values for bicomponent PET fibers. So the resulting equation for calculating log a t is as follows:
The E' master curve at 20 o C of bicomponent PET fiber is shown in Figure 7 . From the master curve the storage modulus E' under 20kHz at 20 o C can be easily calculated. log E' = 9.92 and E' = 8. Similarly, the master curves of E' and tand for spunbonded fabric PET fibers are shown in Figure 9 and Figure 10 , respectively. The same C 1 = -315 and C 2 = 3600 were used to calculate the shift factor for spunbonded fabric PET fibers as for bicomponent PET fibers. From the master curve the storage modulus E' and tand under 20kHz at 20 o C were calculated. 
Batt Formation
The bicomponent fibers were first partially opened by a pre-feeder made by Carolina Machine Company. Then they were carded by a carding machine made by Proctor and Schwartz Incorporated. After opening, the fibers were assembled into batts on the Rando Webber. In order to make batts as uniform as possible the feed bin was kept about 75% full all the time. Fibers were fed into the bin frequently in small amounts. The production speed was set at 0.0115 m/sec. (0.453 inch/sec.). This speed was almost the lowest speed that the machine could be run. Slow speed was used to insure a relatively better mixing so that the batts produced would be uniform. The batts produced were cut at about 2 m (80 in.) in length.
Batts made by the Rando Webber were found to be not very even. The machine was allowed to run about 30 minutes before making batts and then the machine was not stopped during the entire process of making batts. To ensure relatively uniform batts the weight per unit area of the batt was checked often. At the beginning and at the end of each batt, samples were taken to measure their weights. The size of samples used was 228.6 x 127mm 2 (5x9 inch 2 ). Samples were taken in the middle of the web and the plate sampling was in the cross machine direction. The batt produced on the Rando Webber was about 12 inches wide. Then the samples were weighed. If the weight of the sample was between 2.7 and 3.3 g (equivalent to 2.7 and 3.3 oz/yd 2 ) then the batt was accepted. If the weight was beyond the above range at the start of a batt, more samples were taken and weighed until it met the range requirement. If the weight was beyond the above range at the end of a batt, then the batt was discarded. 80% of batts were accepted if their weights at the beginning were within the specified limits.
Web Bonding
Two pieces of batts made by the above method were doubled and covered by spunbonded PET fabrics on both sides as shown in Figure 4 . The spunbonded PET fabric had a weight per unit area of 0.0176 kg/m 2 (0.52 oz/yd 2 ) and were provided by Reemay Inc. The webs were bonded by the ultrasonic bonding machine-the Ultrasonic Power Supplies of Model 184P as stated earlier. To avoid direct contact between the horn and the anvil during the bonding process the gauge between the horn and anvil was set at 1.78x10 -4 m (7 mils), which was smaller than the actual distance between the horn and the anvil during the bonding processes as described later. During the bonding process webs were bonded evenly across the machine direction, i. e., the bonded positions on the left and right sides of the fabrics had almost the same distance to their edges. Because batts were not very uniform in the cross-machine direction, care was taken to keep variation in the unevenness with machine direction as small as possible.
The pressure control of the ultrasonic bonding machine is accomplished through an air pressure regulator that can be adjusted to supply a certain level of pressure to the machine's pneumatic system. After some preliminary experiments the pressure was set at 20 psi, 25 psi, and 35 psi. The speed dial was set at 20, 25 and 30, which corresponded to a forward speed of 0.048m/sec, 0.070m/sec, and 0.083m/sec, respectively. To study the effects of process parameters and temperature change on the bonded fabric properties and simplify this problem, the pressure and speed settings were combined in the following way:
1. Speed setting: 25, pressure settings: 20 psi, 25 psi, and 35 psi to study the effect of pressure. Those settings were called S25P20, S25P25, and S25P35, respectively, with the first two digits representing speed setting, the last two digits the pressure setting.
2. Pressure setting: 25 psi, speed settings: 20, 25 and 30 to study the effect of speed. Those settings were called S20P25, S25P25, and S30P25, respectively, with the first two digits representing speed setting, the last two digits the pressure setting.
There were a total of five different setting combinations. Webs were bonded under those five setting and fabrics made were sampled and evaluated.
Batt Characterization Compressional Properties
Test specimens of batts measuring 0.07493 m (2.95 inch) in thickness were compressed between heavy steel platens mounted in the Instron Tensile Tester. The stainless-steel plates were carefully ground and polished to provide perfectly planar surfaces and were rigidly attached to the Instron crosshead and load-cell so that the working surfaces are parallel. The platen separation at any given load was determined accurately to 0.00254 m (0.0001 inch) by correcting crosshead position information for the compliance of the loading system. The compliance was determined and calibrated separately by loading the system with no specimen in place.
Crosshead rates used in testing were 0.00254 m/min (0.1 inch/min). The maximum applied stress level was chosen at 45 MPa to provide the high level of compression that was enough for the model calculations. The compressional tests were carried out at the Albany International Research Co., Mansfield, MA.
It was found that the average of the unit area weight of the bonded areas was 289.6 g/m 2 (8.54 oz/yd 2 ). The measured unit area weight of spunbonded fabric was 0.52 oz/yd 2 . So the average unit area weight of batts was 7.5 oz/yd 2 at the bonding site. The compressional stress displacement curve is shown in Figure 11 . This stress and thickness relation was approximated by 10 linear segments as shown in Table 1 .
Because the spunbonded fabric was very thin, 32 layers were used for measurement at the same time. The stress and thickness curve is shown in Figure 12 . For one layer the modulus and initial thickness was calculated as follows: Modulus = 62.28 MPa and initial thickness = 0.265e-4 (m).
Actual Gauge Measurement
The actual gauge between the horn and anvil during bonding processes was measured by the optical sensor. It measured the position of the horn top surface. From the horn top surface position, one can get the actual gauge length.
The measured results are listed in Table 2 . From the results it is clear that the gauge became smaller with the increase of pressure and decrease of speed.
Boundary Conditions and Node Numbering
We need to know the boundary conditions for G 3 and G 7 as shown in Figure 2 in Part 1 of this paper and the heat transfer coefficient a for G 4 and G 6 . The coefficients such as TT2, TT3, XT2, and XT3, etc. were found to be close for the following settings: S30P25, S25P25, S25P20, and S25P35. So these set- tings used the same coefficient data as shown in the Table 3 . The setting S20P35 had somewhat different coefficients as shown in Table 4 .
The heat transfer coefficient a for G 4 and G 6 was found to change almost in the same way for the settings: S30P25, S25P25, S25P20, and S25P35. It is shown in Figure 13 and expressed in the following four equations. a =63.2-1720.9*x (x<0.018m) for G 6 (5) a =37.3-282.6*x (x>=0.018m) for G 6 (6) a=51.8-1592.2*x (x<0.018m) for G 4 (7) a =26.9-210.8*x (x>=0.018m) for G 4 (8) where x is the distance from the exit of the bonding site. The heat transfer coefficient a for G 4 and G 6 for setting S20P25 is shown in Figure 14 and expressed in the following four equations. a =102.3-2160.6*x (x<0.0162m) for G 6 (9) a =77.4-625.1*x (x>=0.0162m) for G 6 (10) a =75.2-2203.8*x (x<0.0144m) for G 4 (11) a =45.8-164.6*x (x>=0.0144m) for G 4 (12)
The meshes used in the calculations were as follows. The numbers of elements for the spunbonded fabric and batt in the y direction were 2 and 20, respectively. The number of elements in the bonding site in the x direction was 20. The numbers of elements before and after entering the bonding site in the x direction was 6 and 100, respectively. If one numbered the element along the leftmost edge AB (G 1 ) of the domain from the bottom to the top, then one gets the numbers from 1, 2, till 24. If one numbered the nodes of the left-most edge AB (G 1 ) of the domain from the bottom to the top, then one gets the numbers from 1, 2, till 25. If one compared this numbering with Figure 4 (Temperature Measurement Positions), then one knew that the node No. 3 was the position 1 in Figure 4 . In order to avoid confusion, the node numbers were used to indicate the actual position in the webs. Here are some important node numbers that were used later on. The number 1 node was the position that contacted the anvil. It was the lowest position in a web. The number 3 node was the position between the bottom spunbonded fabric and the batts. The temperature was measured at this position. The number 13 node was the middle position of a batt and also the middle of a web. The temperature was measured at this position. The number 23 node was the position between the top spunbonded fabric and batts. The temperature was measured at this position. The number 25 node was the position that contacted the horn. It was the highest position in a web. The Figure 15 shows the actual meshes of the bonding site and the node numbers in the vertical direction used in the calculation. The areas before entering the bonding site and after exiting from the bonding site had 6 and 100 element numbers in the hori- figure. If the figure used the exact element numbers in the horizontal direction as used in the calculations then the bonding site would be too small to be seen clearly on this figure.
Temperature Measurement and Theoretical Calculations
The sampled voltage signal for the temperature measurement was filtered and then converted into temperature. Several measurements were averaged to get the mean values.
The theoretical calculations were obtained by running several Matlab programs. As mentioned earlier, the energy was first calculated by the programs. The energy results were obtained for each element in the y direction at different bonding positions. As one used 20 elements in the bonding site in the x direction, there were 20 different bonding positions. Figure 16 shows the energy generation rate for the machine setting S25P25. BP in the figure means bonding positions. The BP positions were numbered in the x direction from 1 to 20. The results at odd bonding positions were plotted. The average heat generation rates at different bonding positions are shown in Figure 17 . It is clear that heat generation rate is much higher in the middle position than at other positions. The rate of heat generation was found quite small at both ends of the bonding positions. This may be due to the small gauges in the middle of the bonding positions; and the batts would have higher modulus and higher deformation at the small gauges. The average heat generation rate of the elements within the bonding area was found to be 1.166E+9 W/m 3 . The measured and calculated temperature changes for setting S25P25 are shown in Figure 18 . Both results were very close. Only the cooling curve at position 13 was significantly different. The measured temperature at position 13 cooled down much faster than the calculated results as the calculated result at position 13 cooled down very slowly. This can be explained by the fact that the bonded fabrics were still pretty open and air could flow easily through them just like at the boundaries. This airflow could help the cooling down of the whole fabric much faster. But in the model the airflow was only considered for the boundaries and the inside of the fabric was not considered to be affected by airflow at all. In the case of other settings, the effect was found to be similar to that discussed above.
The measured temperature rise rate from 30 to 130 o C was The calculated temperature results at some selected positions are shown in Figure 19 . The temperatures at the top carrier and bottom carrier were found to be lower than the temperatures in the middle of the batts. The middle of the webs had the highest temperatures because the middle part was less affected by the air convection and the contacts with horn or anvil at top and bottom carriers. This behavior was observed for all other settings also.
The calculated average energy generation rates in the whole bonding area for all the settings are listed in Table 5 .
From Table 5 , the order from the highest average energy generation rate to the lowest for all the settings was S20P25, S25P35, S25P25, S30P25 and S25P20. The setting S25P20 had the lowest rate because it had the smallest pressure during the bonding process and the actual gauge during bonding process was largest. The web was least compressed for the setting S25P20. The setting S20P25 had the highest rate though the pressure was not as high as for the setting S25P35. The reason is that the setting S20P25 has the lowest production speed and has more time for bonding. Therefore the setting S20P25 generated the highest temperature as shown in Figure 20 . The high temperature could cause the web to be easier to deform and the setting had the smallest gauge during the bonding processes.
The measured and calculated temperature changes are shown in Figures 20 to 23 for machine settings S20P25, S25P20, S25P35, and S30P25. The calculated highest temperature at position 13 was higher than the measured highest one for the setting S20P25. The calculated highest temperature at position 13 was lower than the measured highest one for settings S25P20, S25P35, and S30P25. The difference between the calculated and the measured highest temperatures at position 13 is approximately 15 o C for settings S25P20 and S30P25. The cooling curves were found to be very similar to the case of the machine setting S25P25. So the temperature measured at different settings agree reasonably with these calculated ones by the proposed model. The relative temperature differences among different settings were related to their energy generation rates and production speeds. The setting S20P25 produced the highest energy generation rate at the lowest speed and therefore the highest temperature. The setting S25P20 had the lowest energy generation rate and its speed was the same as the settings S25P25 and S25P35. Therefore, the temperature generated was found to be lower than the latter settings. The setting S30P25 produced a slightly higher energy generation rate at higher speed than produced at a setting S25P20. As a result, the higher energy generation rate and higher speed of the setting S30P25 caused its temperature to be close to that observed at a set- ting S25P20. But the machine setting S30P25 compressed webs more than those produced at a setting S25P20 and this higher compression showed its effects on the tensile properties of the bonded fabrics as will be discussed later. For the speed change setting group, a lower temperature will result with the increase of speed, because, higher speed would cause the web to have less time and, consequently less energy for bonding. For the pressure change setting group, a lower temperature rise will occur with decrease of pressure because the lower pressure would cause webs to be less deformed and, therefore, generate less energy.
Scanning Electron Micrographs of Fabric Cross-Sections
The cross sections of bonded areas were examined and photographs were taken by using the scanning electron microscope (SEM). After measuring the thicknesses of the samples used for the tensile tests, samples with the median thickness and unit area weight were chosen for SEM. Two of the samples were selected for each bonding setting. The samples were cut by a sharp knife and mounted on a stub. Then the samples were coated for 3 times for 600 seconds each time. The samples were tested under the voltage of 15 KV.
The micrographs of the bonded fabrics are shown in Figures 24  to 28 for the machine settings S20P25, S25P20, S25P25, S25P35, and S30P25, respectively.
On the top position of each photo there is an image of the tape that was used to stick samples on the stubs for SEM. The position of the cross-section is such that the top surface of a fabrics is at the top and the bottom surface is in the lower part of the micrograph. From all the micrographs it can be seen that the lower part exhibited relatively lower amount of bonding than the upper part of each sample. Such a behavior is obviously due to the fact that the lower part of the bonded fabric exhibited lower temperature rise during bonding process as shown in the measured and calculated temperature results. The machine setting S20P25 shows the highest degree of bonding as is obvious from the middle part of the cross-section where there are very few individual fibers. There are more clusters of bonded fibers as seen in the micrograph.
The photo micrographs of fabrics bonded at machine settings of S25P20 and S30P25 produced the lowest degree of bonding as is evident in the presence of loose unbonded individual fibers in the photo micrographs. that lies somewhere between the settings of S20P25 and the settings S25P20. A close look at the photos shows that the setting S25P35 had a slightly higher degree of bonding than S25P25.
From the consideration of the process parameters the lower speed would cause a higher degree of bonding and the higher pressure would also cause a higher degree of bonding. These findings are consistent with the behavior of heat generation as predicted by the model.
Thickness Measurement
Thickness was considered important in the overall evaluation of the properties of the nonwoven fabrics made by the ultrasonic bonding process. The procedures followed for the measurement are outlined in the ASTM D1777, "Standard Method for Measuring Thickness of Textile Materials" [2] . A Shirley Thickness Gauge tester was used for the measurements.
The strips of samples cut for the tensile tests were long enough so that specimens from both ends of the specimens could be cut for thickness tests. The bonded edges of small strips were then cut to get a specimen size of about 5 mm x 5 mm. This sample was then tested under static load of 30 grams. The results are tabulated in Table 6 .
The results of thickness measurement reflect the effect of pressure and speed of bonding. The fabrics become thinner with increase of pressure and decrease in speed of bonding. These results are similar to those observed for the experiments where the actual gauge was changed. These observations are consistent with the predictions made by the model.
Fabric Width Measurement
The anvil pattern used in this research had a width of 12.8 mm. The widths of the bonded areas observed were found not to be the same under different conditions. In preparing the samples for the tensile test the width of each specimen was measured. These widths were averaged for each condition. The results are given in Table 7 .
The bonded fabric width produced by the machine setting S20P25 was slightly higher than the width of the anvil pattern (12.8 mm). All other settings produced fabrics that were somewhat narrower than the anvil pattern width. Again the bonded fabric widths depended on the process parameters. The lower speed and higher pressure produced slightly wider fabrics.
Tensile Properties
All the samples were tested for tensile properties such as tenacity, breaking elongation, initial modulus and the energy to rupture. Tensile tests were made according to the ASTM D5035, "Standard Test Method for Breaking Force and Elongation of Textile Fabrics (Strip Force)" [3] . In this standard the cut strip test was used. Samples were made by cutting the bonded areas of fabrics made under different conditions.
A large number of specimens were taken from a large number of bonded areas of fabrics bonded under different conditions and then weighed. It was found that the average weight per unit area of the bonded areas was 289.6 g/m 2 (8.54 oz/yd 2 ). Only the strips with the unit area weight between 8.02 and 9.05 oz/yd 2 were selected for the measurement of tensile properties. Strips were normally cut with a length of 177 mm (7 in). Other strips beyond the above weight range were discarded.
The gauge length used was 75 mm (3 inch). A loading rate of 300 mm/min (12 inch/min) was used for the tensile tests. The tests were made on an Instron Tensile Tester.
For comparative studies the nonwoven fabrics made by other . Two layers of the same film with a width of 12.5 mm were tested together.
Samples of bonded fabrics made at all the machine settings were tested for their tensile properties. The results are tabulated in Table 8 .
The moduli of the spunbonded fabrics and film for comparison were 18.4 and 356.5 kgf/mm 2 respectively. The setting S20P25 produced the highest modulus fabrics. Because the fabrics of the setting S20P25 had the highest degree of bonding and they behaved more like plastics. The setting S25P20 produced the lowest modulus fabric. Because the fabrics produced under setting S25P20 exhibited the least bonding and they behaved in ways similar to the webs and were easy to deform. The modulus increased with the decrease of production speed and increase of pressure.
The maximum loads of the spunbonded fabrics and film for comparison were 9.3 and 46.4 kgf, respectively. Just as in the case of modulus the fabrics produced under setting S20P25 had the highest maximum breaking load and the fabrics produced at setting S25P20 had the lowest. The maximum load at the breaking point increased with the decrease in the production speed and increase in pressure. The results can also be explained by the degree of bonding and the temperature changes.
The maximum elongations of the spunbonded fabrics and film for comparison were 41.1% and 61.8%, respectively. The fabrics made under the setting S25P25 had the largest maximum elongation. The fabrics produced at the settings S20P25 and S25P35 exhibited slightly lower elongation than the fabrics made at the setting of S25P25. This was due to higher degree of bonding achieved at settings S20P25 and S25P35 and this higher degree of bonding made the fabrics more brittle. The fabrics produced at the setting S25P20 and S30P25 had the lower elongation as compared to those made at other settings. The reason was that the attainment of lower degree of bonding thus caused the fabric to break easily.
The energies to break of the spunbonded fabrics and film for comparison were 305.5 and 2237.6 kgf-mm. The energy to break of fabrics is reflected in the difference in the degree of bonding achieved in fabrics. Therefore, the setting S20P25 produced the fabrics with the largest energy to break while the settings S25P20 and S30P25 produced the fabrics with the lower degree of bonding and also the lower energy to break.
Conclusions
A model has been developed to predict the temperature change in webs during the ultrasonic bonding process. The calculated temperature results are found to be close to the experimental measurements. For the setting S20P25 the calculated results are 2% higher than the experimental results for the middle position of the web. For the settings S25P20, S25P35, and S30P25 the theoretical results were 10.7%, 2.2%, and 10.1% lower than the measured ones for the middle position of the web, respectively. The calculated results for the setting S25P25 gave the closest results within 1% of the measured results for the middle position of the web. So the model reasonably predicts the rise of temperature in the process of ultrasonic bonding.
The calculated energy generation rate of the setting S25P25 showed that the highest generation rate was in the middle of the bonding positions. The temperature rise rate was also the highest in the middle of the bonding positions.
Fiber properties show a large change with temperature. Therefore fiber storage modulus, loss modulus, and heat capacity also change during the bonding process. In the current model we have used values of constant moduli and heat capacity. The model can be improved with the consideration of the change of fiber properties with temperature. Of course, this change will require much longer computer times to calculate because the heat generation rate will change at a specific bonding position with the change in temperature. A model that can predict the compressional behaviors of batts over a wide range of deformation is greatly desired. The dynamic transverse compressional moduli of single fibers in addition to that of the batts made from them are also desired to be easily measured or modeled. 
